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Abstrat
The reent data on pp ollisions at 158 GeV provide se-
vere onstraints on string models: These measurements
allow for the rst time to determine how olor strings are
formed in ultrarelativisti proton-proton ollisions.
1 Introdution
Reently, the NA49 ollaboration has published [1℄ the
rapidity spetra of p, Λ, Ξ as well as the orresponding
antibaryons in pp interations at 158 GeV. These mea-
surements provide new insight into the string formation
proess. In the string piture, high energy proton-proton
ollisions reate exitations in form of strings, being
one dimensional objets whih deay into hadrons aord-
ing to longitudinal phase spae. This framework is well
onrmed in low energy eletron-positron annihilation [2℄
where the virtual photon deays into a quark-antiquark
string whih breaks up into mesons(M), baryons(B) and
antibaryons(B). An example of a q− q string fragment-
ing into hadrons is shown in Fig.1. Proton-proton ol-
lisions are more ompliated due to the fat that even
at 158 GeV proton-proton ollisions are governed by soft
physis, thus pQCD alulations an not be applied. And
the mehanism of string formation is not lear, as will be
disussed in the following.
M B B
q q
Figure 1: e
+
e
−
→ γ
∗
→ qq. The q− q string fragments into
hadrons.
One may distinguish two lasses of string models:
• Longitudinal exitation (LE) models: UrQMD [3℄,
HIJING [4℄, PYTHIA [5℄, FRITIOF [6℄;
• Color exhange (CE) models: DPM [7℄, VENUS [2℄,
QGS [8℄.
p+p:
b)
a)
Figure 2: Two string formation mehanisms for pp olli-
sions are presented: a) longitudinal exitation (LE). b) olor
exhange (CE).
In the LE ase the two olliding protons exite eah other
via a large transfer of momentum between projetile and
target, Fig.2a. In ontrast, the CE piture onsiders a
olor exhange between the inoming protons, leaving be-
hind two otet states. Thus, a diquark from the projetile
and a quark from the target, and vie versa, form olor
singlets. These are identied with strings, .f. Fig.2b.
The olor exhange is a soft proess. The transfer of mo-
mentum is negligible. The nal result, two quark-diquark
strings with valene quarks being their ends, however, is
quite similar.
How are baryons and antibaryons produed? The eas-
iest way to obtain baryons is to break the strings via
quark-antiquark pair prodution lose to the valene di-
quark. Sine the ingoing proton was omposed of light
quarks(qqq), the resulting baryon is of qqq or qqs type.
Thus nuleons, Λs or Σs are formed. Sine these baryons
are produed at the string ends, they our mainly
1
lose to the projetile rapidity or target rapidity (leading
baryons).
Multi-strange baryons whih onsist of two or three
strange quarks are produed near the quark end or the
middle of the strings, via ss-ss prodution. Therefore the
distributions of multi-strange baryons are peaked around
entral rapidity and the orresponding yields of multi-
strange baryons and their antipartiles should be ompa-
rable. A loser look reveals an interesting phenomenon:
Theoretially one nds the ratio of yields [9℄:
Ξ
+
/Ξ− = 0.8 ∼ 1.2 .
Experimentally, however, Ξ
+
s are less frequent than ex-
peted. The ratio at midrapidity is [1℄
Ξ
+
/Ξ− = 0.44± 0.08.
The situation for Ωs is even more extreme: from string
models one gets [9℄
Ω
+
/Ω− = 1.6 ∼ 1.9
at midrapidity. From extrapolating Λ and Ξ results (and
from preliminary NA49 data) we expet [1℄
Ω
+
/Ω− = 0.5 ∼ 0.8 .
This is a generi situation; It is impossible to get the
Ω
+
/Ω− ratio smaller than unity from those two types
of string models. As addressed in [9℄, this is due to the
fat that the strings have a light quark (but not a strange
quark) at the end, whih disfavours multi-strange baryon
prodution, and does not allow for Ω prodution in the
fragmentation region.
2 Problems with the String Model
Approah
So is there something fundamentally wrong with string
models? To answer this question let us onsider some-
what more in detail how string models are realized. One
may present the partile prodution from strings via
hains of quark lines [7℄ as shown in g. 3. It turns
out that the two string piture is not enough to explain
for example the large multipliity utuations in proton-
proton sattering at ollider energies: more strings are
needed, one adds therefore one or more pairs of quark-
antiquark strings, as shown in g. 4. The variables xi
refer to the longitudinal momentum frations given to
the string ends. Energy-momentum onservation implies∑
xi = 1.
What is the probabilities for dierent string numbers?
Here, Gribov-Regge theory omes at help, whih tells us
that the probability for a onguration with n elementary
interations is given as
Prob(n interactions) =
χn
n!
exp(−χ),
a) b)
Figure 3: Two hains of quark lines (b) representing a
pair of strings (a)
a) b)
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Figure 4: Two pairs of strings (a) and the orresponding
hains (b)
where χ is a funtion of energy and impat parameter,
see g. 5. Here, a dashed vertial line represents an
, prob(     )~ χ2
2
prob(   )~ χ
Figure 5: Probabilities for ongurations with one and
two elementary interations (Pomerons), represented as
dashed lines.
elementary interation (referred to as Pomeron).
Now one identies the elementary interations
(Pomerons) from Gribov-Regge theory with the pairs of
strings (hains) in the string model, and one uses the
above-mentioned probability for n Pomerons to be the
probability for ongurations with n string pairs. Unfor-
tunately this is not at all onsistent, for two reasons:
1. Whereas in the string piture the rst and the sub-
sequent pairs are of dierent nature, in the Gribov-
Regge model all the Pomerons are idential.
2. Whereas in the string (hain) model the energy is
properly shared among the strings, in the Grivov-
Regge approah does not onsider energy sharing at
all (the χ is a funtion of the total energy only)
These problems have to be solved in order to make reli-
able preditions.
2
3 Basi Ideas of Parton-Based
Gribov-Regge Theory
We onsider a new approah alled Parton-Based Gribov-
Regge theory to solve the above-mentioned problems.
Here we still use the language of Pomerons as in Gribov-
Regge theory to alulate probabilities of ollision on-
gurations and the language of strings to treat partile
prodution. Multiple interations happen in parallel. An
elementary interation is referred to as Pomeron. The
spetators of eah proton form a remnant, see Fig. 6. A
Pomeron is nally identied with two strings, see Fig.7.
But we treat both aspets in a onsistent fashion: In both
ases energy sharing is onsidered in a rigorous way [10℄,
and in both ases all Pomerons are idential. This is
the new feature of our approah, and the seond point
is exatly the solution to multistrange baryon problem
mentioned above. In the following we disuss how to re-
alize the ollision onguration and partile prodution,
respetively.
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Figure 6: Multiple elementary interations (Pomerons) in
NEXUS.
Po
m
er
on
st
rin
g
st
rin
g
=
Figure 7: Multiple elementary interation (Pomerons) in
NEXUS (a). An elementary interation is identied with a
pair of strings.
4 Collision Conguration
Gribov-Regge theory is applied in NEXUS to alulate
ollision ongurations. This alulation is performed un-
der the ondition that energy sharing is onsidered rigor-
ous ly. One a ollision onguration is determined, not
only the number of Pomerons but also the energy shar-
ing among Pomerons is xed. This is dierent from other
string models. In the following we disuss how to realize
it in a qualitative fashion.
4.1 Reminder: some Elementary Quan-
tum Mehanis
Let us introdue some onventions. We denote elasti two
body sattering amplitudes as T2→2 and inelasti ampli-
tudes orresponding to the prodution of some nal state
X as T2→X (see g.8 ). As a diret onsequene of uni-
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Figure 8: An elasti sattering amplitude T2→2 (left) and
an inelasti amplitude T2→X (right).
tarity on has 2 ImT2→2 =
∑
x
(T2→X)(T2→X)
∗
. The right
hand side of this equation may be literally presented as
a ut diagram, where the diagram on one side of the
ut is (T2→X) and on the other side (T2→X)
∗
, as shown
in g.9 . So the term ut diagram means nothing but
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Figure 9: The expression
∑
X
(T2→X)(T2→X)
∗
whih may
be represented as a ut diagram.
the square of an inelasti amplitude, summed over all -
nal states, whih is equal to twie the imaginary part of
the elasti amplitude. Based on these onsiderations, we
introdue simple graphial symbols, whih will be very
onvenient when disussing multiple sattering, shown in
g. 10: a vertial solid line represents an elasti am-
plitude (multiplied by i, for onveniene), and a vertial
dashed line represents the mathematial expression re-
lated to the above-mentioned ut diagram (divided by
2s, for onveniene).
4.2 Elementary Interations
Elementary nuleon-nuleon sattering an be onsidered
as a straightforward generalization of photon-nuleon
sattering: one has a hard parton-parton sattering in the
3
=   T2 >2i
,
T2  >X T2  >X=  − 
1
2s =  − 
1
2s 2 ImT2  >2*
Figure 10: Conventions.
middle, and parton evolutions in both diretions toward
the nuleons. We have a hard ontribution Thard when
the the rst partons on both sides are valene quarks,
a semi-hard ontribution Tsemi when at least on one side
there is a sea quark (being emitted from a soft Pomeron),
with a perturbative proess happening in the middle of
Pomeron, and nally we have a soft ontribution when
no perturbative proess happens at all (see g. 11). The
total elementary elasti amplitude T2→2 is the sum of all
ontributions.
soft
semihard
(one of three)
hard
Figure 11: The elasti amplitude T2→2.
The ut-o of virtuality between perturbative and non-
perturbative proesses, Q20, is independent of the beam
energy. The perturbative part of Pomeron is stritly
based on the standard DGLAP evolution with ordered
parton virtualities in the ladder diagram and the non-
perturbative part is based on Reggeon parameterization.
The semihard Pomeron is a onvolution of hard and soft.
The total elementary elasti amplitude T2→2 is the sum
of all these terms. Thus we have a smooth transition from
soft to hard physis: at low energies the soft ontribution
dominates, at high energies the hard and semi-hard ones,
at intermediate energies (that is where experiments are
performed presently) all ontributions are important.
The multiple sattering theory will be based on these
elementary interations, the orresponding elasti ampli-
tude T2→2 and the orresponding ut diagram, both be-
ing represented graphially by a solid and a dashed ver-
tial line. We also refer to the solid line as Pomeron, to
the dashed line as ut Pomeron.
4.3 Multiple Sattering
We rst onsider inelasti proton-proton sattering, see
g. 12. We imagine an arbitrary number of elementary
interations to happen in parallel, where an interation
may be elasti or inelasti. The inelasti amplitude is the
sum of all suh ontributions with at least one inelasti
elementary interation involved. To alulate ross se-
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Figure 12: Inelasti sattering in pp.
tions, we need to square the amplitude, whih leads to
many interferene terms, as the one shown in g. 13(a),
whih represents interferene between the rst and the
seond diagram of g. 12. Using the above notations,
we may represent the left part of the diagram as a ut
diagram, onveniently plotted as a dashed line, see g.
13(b). The amplitude squared is now the sum over many
suh terms represented by solid and dashed lines.
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Figure 13: Inelasti sattering in pp. a) An interferene
term of ross setion, b) Represented with our simplied
notations.
When squaring an amplitude being a sum of many
terms, not all of the terms interfere  only those whih
orrespond to the same nal state. For example, a sin-
gle inelasti interation does not interfere with a double
inelasti interation, whereas all the ontributions with
exatly one inelasti interation interfere. So onsider-
ing a squared amplitude, one may group terms together
representing the same nal state. In our pitorial lan-
guage, this means that all diagrams with one dashed line,
representing the same nal state, may be onsidered to
form a lass, haraterized by m = 1  one dashed line
( one ut Pomeron)  and the light one momenta x+
and x− attahed to the dashed line (dening energy and
momentum of the Pomeron). In g. 14, we show sev-
eral diagrams belonging to this lass, in g. 15, we show
the diagrams belonging to the lass of two inelasti in-
terations, haraterized by m = 2 and four light-one
momenta x+1 , x
−
1 , x
+
2 , x
−
2 . Generalizing these onsider-
ations, we may group all ontributions with m inelasti
interations (m dashed lines = m ut Pomerons) into a
lass haraterized by the variable
K = {m,x+1 , x
−
1 , · · · , x
+
m
, x−
m
}.
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Figure 14: Class of terms orresponding to one inelasti
interation.
Figure 15: Class of terms orresponding to two inelasti
interations.
We then sum all the terms in a lass K,
Ω(K) =
∑
{all terms in classK}.
The inelasti ross setion is then simply a sum over
lasses,
σinel(s) =
∑
K 6=0
∫
d2bΩ(K).
Ω depends impliitly on the energy squared s and the
impat parameter b. The individual terms
∫
d2bΩ(K),
represent partial ross setions, sine they represent dis-
tint nal states. They are referred to as topologial ross
setions. One an prove
∑
K
Ω(K) = 1,
whih is a very important result justifying our interpre-
tation of Ω(K) to be a probability distribution for the
ongurations K. This provides also the basis for apply-
ing Monte Carlo tehniques.
The funtion Ω is the basis of all appliations of this
formalism. It is the foundation not only for alulating
(topologial) ross setions, but also for partile produ-
tion, thus providing a onsistent formalism for all aspets
of a nulear ollision.
5 Partile Prodution
Here we disuss how to produe hadrons with any given
ollision onguration determined aording to the above
setion. As we disussed above, eah ut Pomeron is iden-
tied as a pair of strings. Similar to other string models,
a Lorentz invariant string fragmentation proedure pro-
vides a transformation from strings to nal-state hadrons
in NEXUS. However the string formation mehanism in
NEXUS is very dierent from others beause Pomerons
are treated identially for alulating partile prodution.
5.1 Hard Pomerons
As disussed above, eah elementary interation has
hard, soft and semihard ontribution. So eah Pomeron
has ertain probabilities to be of type soft, hard and
semihard. One a ollision onguration is determined
aording to the above setion, the number of eah type
of Pomerons is xed. To give a proper desription of
deep inelasti sattering data, hard and some of semi-
hard Pomerons are onneted to the valane quarks of the
hadron. In order to onserve the initial hadron baryon
ontent and to keep the simple fatorized struture with
the leading logarithmi approximation of quantum Chro-
modynamis, we assoiate a quasi-spetator antiquark
(of the same avour) to eah valene quark interation.
So a hard Pomeron is a two-layer ladder diagram where
one of them is hard with ordered virtualities and the
other is soft. The hard ladder diagram gives a kinky
string (eah string segment has a onstant veloity and
nally is identied with those emitted perturbative par-
tons). The fration of hard Pomerons in total Pomerons
is very subdominant in average proton-proton ollisions.
At SPS energies hard and semihard Pomerons do not on-
tribute at all, and even at ollider energies the Pomerons
onneted to valene quarks are rare. Therefore, even
though all types of Pomerons are inluded in the Monte
Carlo, their ontribution an be ignored in the following
disussion.
5.2 Soft Pomerons
How to form strings from soft Pomerons? No matter
whether single-Pomeron exhange or multiple-Pomeron
exhange happens in a proton-proton sattering, all
Pomerons are treated identially. Beause of this, it is a
natural idea to take quarks and antiquarks from the sea
as string ends, beause an arbitrary number of Pomerons
may be involved, and valene quarks are not always avail-
able to be string ends due to their limited amount. This
point is dierent from the above-mentioned string mod-
els, where all the string ends are valene quarks. Letting
all the valene quarks stay in remnants, thus, string ends
from ut Pomerons have omplete avour symmetry and
produe partiles and antipartiles in equal amounts. In
the old version of NEXUS used in [9℄, a sea quark and an
antiquark of the same avour have been taken from the
sea as string ends to keep avour onservation. In the
new version, NEXUS 3.0, the avours of the string ends
are independent. In order to ompensate the avour,
whenever a quark or an antiquark is taken from the sea
as a string end, a orresponding antipartile from the sea
is put in the remnant nearby.
5.3 Remnant
Remnants are a new objet, ompared to other string
models. The partoni ontent of a remnant is very lear:
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three valene quarks and the ompensated partons. From
this partoni struture one an estimate that its mass is of
the order of proton mass. The 4-momentum of a remnant
is that of an initial proton minus those being taken away
by partiipant partons. So the 4-momenta of projetile
remnant and target remnant are xed one the ollision
onguration is given. The remnant mass an be alu-
lated aording to its 4-momentum and the on-shell on-
dition, however this value of mass is not reliable. During
the onguration alulation one distributes energy of or-
der 100 GeV to Pomerons and remnants where a proton
mass is negligible. We justify the remnant mass with a
distribution P (m2) ∝ (m2)−α, m2 ∈ (m2min, x
+s), where
s is the squared energy at enter mass system, mmin is
the minimum mass of hadrons to be made from the rem-
nant's quarks and antiquarks, and x+ is the light-one
momentum fration of the remnant whih is determined
in the ollision onguration. Through tting the data
we determine the parameter α = 1.5. Remnants deay
into hadrons aording to n-body phase spae[11℄.
5.4 Leading Order Disussion
The onguration of leading order has only one ut
Pomeron. The most simple and most frequent olli-
sion onguration has two remnants and only one ut
Pomeron represented by two q− q strings as in Fig.16a.
Besides the three valene quarks, eah remnant has ad-
ditionally a quarks and an antiquark to ompensate the
avour.
c)b)a)
Figure 16: a) The most simple and frequent ollision on-
guration has two remnants and only one ut Pomeron rep-
resented by two q−q strings. b) One of the q string-ends an
be replaed by a qq string-end. ) With the same probability,
one of the q string-ends an be replaed by a qq string-end.
The leg of a ut Pomeron may be of qqq type with
small probability Pqq, whih means the orresponding
string ends are a diquark and a quark. In this way we
get quark-diquark (q-qq) strings from ut Pomerons. The
qqq Pomeron leg has to be ompensated by the three
orresponding antiquarks in the remnant, as in Fig.16b.
The (3q3q) remnant may deay into three mesons (3M) or
a baryon and an anti-baryon (B+B). Sine the 3M mode
is favored by phase spae, we neglet B+B prodution
here.
For symmetry reasons, the leg of a ut Pomeron is of
qqq type with the same probability Pqq. This yields a
q − qq string and a (6q) remnant, as shown in Fig.16.
The (6q) remnant deays into two baryons. Sine q-qq
strings and q − qq strings have the same probability to
appear from ut Pomerons, baryons and antibaryons are
produed equally. However, from remnant deay, baryon
prodution is favored due to the initial valene quarks.
6 Results
Here, we will onentrate on baryon-antibaryon produ-
tion, beause there we obtain strikingly dierent re-
sults ompared to other models. However, we arefully
heked as well mesons  essentially pion and kaon rapid-
ity and transverse momentum spetra, where the results
are quite lose to what we obtained earlier with NEXUS
2 or VENUS.
Fig.17 depits the rapidity spetra of baryons and an-
tibaryons from NEXUS 3.0 with Pqq = 0.02 (solid lines).
As a omparison, we also show the preliminary data from
the NA49 experiment [1℄ (points). The ontributions of
projetile remnants (dashed lines), target remnants (dot-
ted lines) and ut Pomerons (dashed dotted lines) to par-
tile prodution are also shown respetively in Fig.17.
Fig.17 demonstrates that NEXUS 3.0 desribes reason-
ably the rapidity spetra of baryons and antibaryons in
pp ollision at 158 GeV.
We also provide the partile yields at midrapidity, y ∈
(ycm − 0.5 , ycm + 0.5), from NEXUS 3.0, Pythia 6.2 and
ompare them to data in table 1.
yield NEXUS 3.0 Pythia 6.2 NA49 data
p 9.12×10−2 4.85×10−2 9.28×10−2
p 2.00×10−2 1.64×10−2 2.05×10−2
Λ 1.61×10−2 7.53×10−3 1.79×10−2
Λ 5.85×10−3 4.02×10−3 5.57×10−3
Ξ− 8.08×10−4 2.53×10−4 7.08×10−4
Ξ
+
4.71×10−4 2.20×10−4 3.12×10−4
Ω− 2.79×10−5 2.33×10−6 
Ω
+
2.16×10−5 2.94×10−6 
Table 1: Partile yields at midrapidity in pp ollisions at
158 GeV.
From NEXUS 3.0, we get the ratios at midrapidity
Ξ
+
/Ξ− = 0.58 , Ω
+
/Ω− = 0.77 .
In onlusion, it seems that old string models fail
to reprodue the experimental Ξ
+
/Ξ− and antiipated
Ω
+
/Ω− ratio so far. The string formation mehanism as
employed in NEXUS 3.0 is able to reprodue the exper-
imental data niely. The rapidity distributions of multi-
strange baryons as well as Λs and protons an be under-
stood. The main point is the fat that the nal result of
6
a proton-proton sattering is a system of projetile and
target remnant and in addition (at least) one Pomeron
represented by two strings. At SPS energy, the soft
Pomerons dominate. In general the soft Pomerons are
vauum exitation and produe partiles and antiparti-
les equally beause their string ends are sea quarks. The
valene quarks stay in remnants and favour the baryon
prodution as ompared to antibaryon prodution.
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Figure 17: Rapidity spetra of baryons and antibaryons
alulated from NEXUS 3.0 (projetile remnant ontribu-
tion: dashed lines; target remnant ontribution: dotted
lines;Pomeron ontribution: dashed dotted lines; sum: solid
lines) and NA49 experiment [1℄ (points).
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